INTRODUCTION
Oceans are widely used for exploration and production of oil, navigation, marine transportation, and other oil-related activities owing to the ever-growing demand for energy. The port sector handles a large volume of oil traffic, and a number of new oil industries are being set up in the coastal zones of various countries around the world as well as in India. Maritime transport of oil poses the risk of oil spills that may occur due to accidents, grounding of ships and tankers, which would cause extensive damage to the marine environment, fishery and wildlife. Oil spills may also affect the strategic harbor facilities and ocean going vessels. Many government agencies around the world have prepared the oil spill contingency plans to prepare for such accidents. An important component of these plans is the use of mathematical modeling tools to forecast the movement and distribution of oil particle concentrations in the coastal waters.
Indian scenario
India has a coastline of about 5500 km in the mainland and about 2000 km in its offshore islands. The country has 12 major, 20 intermediate and 144 minor ports. India relies heavily on the marine route for trade and commercial operations and is located at a very strategic location with respect to international commercial sea routes. The majority of ships sailing from the Persian Gulf to Japan and China, transport oil through the Indian Exclusive Economic Zone (EEZ). Further, two major oil choke points of the world -Strait of Hormuz and Strait of Malacca lie on the west and east coasts of India respectively. Due to the restricted width of these lanes, the routes are highly accident-prone. To cap it, import of oil and gas is growing faster, particularly in the developing countries like China and India. Worldwide demand for petroleum products has been estimated to go up from 84 mb/day in 2005 to 116 mb/day in 2030 (Sivadas et al., 2008) . Hence, the risk of oil spill occurring along the west coast of India is considerably higher now. A major oil spill could cause wide-spread ecological damage and destroy marine commercial operations.
LITERATURE REVIEW
Significant studies have been carried out in the past to model the movement of oil spill. Lopez et al. (2006) studied simulation of oil spills at the Casablanca platform (Tarragona, Spain) under different environmental conditions and using models like EUROSPILL, OILMAP, GNOME and ADIOS. They concluded that the results obtained with the GNOME model have their best adjust with experimental results. Kankara and Subramanian (2007) studied oil spill sensitivity analysis and risk assessment for Gulf of Kachchh, India. The oil spill modeling was done by using MIKE 21. Badri and Azimian (2009) developed an oil spill model based on the Kelvin wave theory and artificial wind field for the Persian Gulf. The spill analysis model was setup to simulate an accidental oil spill using the flow field produced by the hydrodynamic model. Farzingohar et al. (2011) conducted oil spill modeling of diesel and gasoline with GNOME along Bandar Abbas Coast and Qeshm Island in Iran. This study investigated oil spill fate, which is released around Rajaee Port and predicting the fate of future accidents. Habeeb (2011) conducted a numerical model study on movement of oil spill along Kerala coast in monsoon and post monsoon seasons using the software GNOME. He found out that the spill is most vulnerable in the monsoon season when the prevailing winds and current are along the direction of shore.
STUDY AREA AND SPILL INFORMATION
In the present work, a possible crude oil spill has been considered at the intersection point of two ship routes from Kandla port and Bombay port (Kandla port of India to Yanbu port of Saudi Arabia and Bombay port of India to Ras Tanura port of Saudi Arabia) as shown in Fig. 1 . The spill location has latitude of 21°41' 48.53" N and longitude of 66°46' 41.45" E' and is at a distance of 261 km normal to Gujarat coast. The study area includes the latitudes of 16º N to 24º N and longitudes of 66º E to 74º E and comprises of Gujarat and Maharashtra coasts of India. The type of oil spill is taken as medium crude oil. For modeling this typical oil spill scenario, the quantity of oil released is taken as 10,000 barrels. Release start date and time are taken as 6 th September 2011 and 05.30 am respectively.
METHODOLOGY ADOPTED
Numerical modeling of oil spill movement using GNOME (General NOAA Operational Modeling Environment) developed by Hazardous Materials Response Division (HAZMAT) of the National Oceanic and Atmospheric Administration Office of Response and Restoration (NOAA OR&R) of United States government is carried out in the present studies. GNOME is a freely available oil spill trajectory modeling software, which simulates movement of oil due to winds, currents, tides, and spreading.
After the occurrence of oil spill, the transport of spilled oil is mainly governed by: the spreading due to the gravity, inertia, viscosity and surface tension forces; the advection and turbulent diffusion due to current and wind; evaporation, dissolution and vertical dispersion. If the oil slick moves towards the islands or shoreline, the shoreline deposition and re-entrainment will also be considered. Based on these studies, a 2-D trajectory and fate model is developed to simulate the movement of the surface oil slick.
Fig.1 Spill location
In this 2-D model, the oil spills are divided into a number of small grids based on the quantity and initial area. A set of plane coordinates are assigned to each grid. At every time step, after incorporation of the evaporation, dissolution and vertical dispersion properties of oil spills, the volume of oil spills remaining on the water surface can be obtained. The spreading area of the oil slick can be estimated. During the same time step, because of the advection and turbulent diffusion, the oil slick will move to a new location and its displacement can be determined. The new grid coordinates of the oil slick due to the combined effect of spreading; advection and diffusion are then calculated. After obtaining the grid coordinates of the oil slick at every time step, the shape and track of the oil slick can be obtained. If the oil slick moves towards the island or shoreline, it may get deposited along the shoreline, and later re-entrained into the water. The maximum capacity of beach for oil can be determined. Using this 2-D oil spill model, the movement of the oil slick as well as the mass balance of oil spills can be predicted. It helps to find out the path of oil trajectories in the case of spill, whether it will hit the coast or not and the time taken by the spill to reach the coast.
Oil spill models can be developed by either Eulerian or Lagrangian approaches. Using Lagrangian models, the phenomenon is mostly represented by a large number of small particles which are advected by fluid velocity at the water surface (Nagheeby 2010) . In the Eulerian approach, the mass and momentum equations are applied to the oil slick layer. GNOME uses Lagrangian/Eulerian approach to spill model. Spills are modelled as Lagrangian particles within continuous Eulerian fields.
Spreading on the Water Surface
Spreading is the horizontal expansion of an oil slick due to gravity, inertia, viscous and surface tension forces. Fay (1971) considered an oil slick to pass through three phases and the axi-symmetrical spreading diameter in each of the phases can be defined. However, due to non-consideration of the influence of wind and associated turbulence, the prediction of oil spreading using Fay's formula has been found to be underestimating the horizontal spreading compared to that observed from field measurements. 
Horizontal Turbulent Diffusion
The turbulent diffusive transport is normally calculated by a random walk procedure. The diffusive velocity component can be modeled by a homogeneous random walk model. Based on Al-Rabeh et al. 's study (1989) , the distance that any element travels by horizontal diffusion is:
(1)
Displacement of Every Grid Point
The advective displacement of each grid point at every time step can be computed as:
where L x (∆t) and L y (∆t) are the displacements of each point in the x and y directions, respectively; U dx and U dy are the advective velocities in the x and y directions, respectively; and
Then the x and y coordinates of each point on the oil slick at every time step can be obtained, and the shape and track of the oil slick at every time step can be obtained (Chao et al., 2001 ).
Evaporation
Evaporation occurs immediately after the spill. Mackay (1981) developed a multi-component theory to compute the rate of oil evaporation. In this theory, the evaporative amount of a given component of oil was given by the following equation:
in which M i is the amount of component i lost by evaporation (mole); K e is the mass transfer coefficient of evaporation (m/s); A is the area of the oil slick (m 2 ); t is the time (s); R is the gas constant (atmm 3 /mol K); and T is the air temperature above the slick (K). In the equation, X i P i s represents the partial vapor pressure of component i; P is the vapor pressure of component i; X i is defined as following:
Dissolution
Some of the oil components, which are subjected to evaporation, can also dissolve into the water column from a surface slick. Mackay (1981) developed a multi-component theory to compute the rate of oil dissolution. The amount of component i lost by dissolution can be calculated by the following equation:
in which M di is the amount of component i lost by dissolution (mole); K d is the dissolution mass transfer coefficient (3.0x10 -6 m/s was chosen); X i is the component mole fraction; A is the area of the oil slick (m 2 ); t is the time (s); and S i is the solubility. The rates of dissolution were then calculated as:
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Vertical Dispersion
The oil slick on the ocean is also subject to the action of waves, especially breaking waves and upper layer turbulence. Under their actions, the coherent oil slick will break up and become small particles, then advect and diffuse in the water column. These processes are defined as vertical dispersion. The main objective of vertical dispersion study is to estimate the oil entrainment rate and distribution of oil particles. Delvigne and Sweeney (1989) and Delvigne (1994) conducted a series of laboratory investigations to detect the oil entrainment rate, particle size and intrusion depth of oil particles. The rate of vertical dispersion can be obtained by integration over all particle sizes, given by:
The maximum and minimum particle sizes are calculated as follows (Chao et al. 2001 ):
where s is the interfacial tension; ρ w and ρ o is the density of water and oil respectively; and w is the wave frequency. The intrusion depth Z i was found experimentally by Delvigne and Sweeney (1989) :
Where, H b is the height of the breaking wave.
4.7 Uses of GNOME GNOME can be used to forecast the influence of winds, currents, and other processes on the oil spill spreading on the water surface. It can also be used to learn how predicted oil trajectories are affected by uncertainty in current and wind observations and forecasts and to see how spilled oil is predicted to change chemically and physically during the time that it remains on the water surface. GNOME automatically sets up the weathering characteristics of any type of spilled oil during its exposure to the elements. The weathering behaviour of different oils is critical to predicting their trajectories.
Model
Modes of GNOME GNOME has three model modes: Standard mode, GIS Output mode and Diagnostic mode. The Diagnostic mode has been used in the present study, which provides additional capabilities like full access to all model parameters and scaling options, tailor the model to represent real-time data, develop location files with advanced training and hydrodynamic modeling experience and control the size and distribution of the uncertainty used by setting the coefficients in the "Minimum Regret" estimates. Minimum Regret Trajectory is a trajectory that incorporates uncertainties in the model. Best Guess Trajectory is a trajectory that assumes that all of the information that is input into the model (winds, currents etc.) is exactly correct.
STRUCTURE OF MODELING
The structure of modeling indicates the structure how the prediction can be done by using GNOME. First one is the collection of pre-requirement data. It includes the creation of shoreline map, conversion of magnitude and direction of both the wind and current data. Next step is to enter the input data such as location of the spill, type of spill and amount of spill. Final step is to predict the trajectories of the
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Shoreline data
Shoreline data for the present work was obtained from the Coastline Extractor facility provided by NOAA. Currently, GNOME uses only the map file format known as '.bna', which consists of a list of lines and polygons that are to be plotted on the screen. The input format for shoreline data is shown below: "GUJARAT SHORE","1", 26-72.692631 , 19.959539 -72.696738 , 19 .959539 -
The first phrase in quotes represents an identifier for the feature, and is usually unique. The second number in quotes identifies the type of feature: "1" is a land feature; "2" is a water feature, or a polygon within another larger polygon. The third number is the number of points in the feature, in order for drawing. Points are defined in a clockwise direction as tracing the land boundary. A negative number defines a line where the start and end points don't connect. A positive number indicates a polygon.
Current data
GNOME uses steady-state circulation models that produce current patterns and time-dependent circulation models. Forecasted current data in the Arabian Sea for the modeling work has taken from the INCOIS (Indian National Centre for Ocean Information Services) website of Government of India at an interval of six hours. After making the necessary modifications, both magnitude and direction of current data in vector format is converted into GNOME ('.cur') format as shown below:
[GRIDCURTIME 
Wind data
In addition to the currents and diffusion, GNOME uses winds to predict the movement of the oil spill. For small scale uses, a single point forecast is sufficient for trajectories. Wind data of Gujarat and Maharashtra coasts for the modeling work has been taken from the INCOIS website. The forecasted wind data at six hour interval is available at INCOIS website. After making the necessary modifications, both magnitude and direction of wind data in vector format is converted into GNOME ('.wnd') format as shown below:
[GRIDWINDTIME] 
RESULTS AND DISCUSSION
The simulation has been carried out for month of September 2011 (end of monsoon in India). The oil spill trajectory and concentration of oil are noted at intervals of six hours. Hence, the simulation was recorded at 6 hrs, 12 hrs, 18 hrs, 24 hrs, 30 hrs, 36 hrs, 42 hrs and 48 hrs and the trajectory is shown below in Figs. 2 to 9 . GNOME also gives concentration of oil in floating, beached, evaporated and dispersed conditions.
Figs. 2(a) and 2(b) Oil spill trajectory for 6 hrs and 12 hrs respectively predicted by GNOME It can be seen from Fig. 2(a) that in the first six hours after the spill, the major portion of the spill has moved in the south west direction. For the minimum regret, in the first six hours a part of the spill did spread in a region of 270.82 km along latitude and 72.13 km along longitude, at a distance of 49.39 km away from Gujarat Coast (normal to the coastline). For the best guess, the spill stretched over a region of 41.62 km along latitude and 35.98 km along longitude, at a distance of 52.08 km away from Gujarat (Odadar) shoreline (normal to the coastline). At the end of six hours, it is noted that the quantity of floating spill is 9330 barrel and quantity of evaporated and dispersed spill is 670 barrels.
From Fig. 2(b) during the next six hours, due to the action of currents major part of the spill has propagated in the north east direction towards Gujarat coast. For the minimum regret, exactly at the end of 10 hours from the time of origin of spill, a portion has reached and extended along 47.9 km of Porbandar coast of Gujarat (from 21°40' 42" N 69°30' 32" E to 21°22' 01" N 69°49' 44" E). For the best guess, the major part of the spill reached Gujarat coast at the end of 11 hours and then spread along the coasts from Porbandar to Odadar of Gujarat for a distance of 13.42 km (from 21°38' 03" N 69°32' 58" E to 21°32' 55" N 69°38' 18" E). At the end of 12 hours, floating quantity of spill is 5970 barrels, beached quantity of spill is 2690 barrels and evaporated and dispersed quantity of spill is 1340 barrels. Figs. 3(a) and 3(b) Oil spill trajectory for 18 hrs and 24 hrs respectively predicted by GNOME From Fig. 3(a) during the next six hours, the major portion of spill spread along Gujarat coast and the remaining portion moved towards Maharashtra coast and spread there. The amount of beached spill is 4470 barrels and that of evaporated and dispersed spill is 1750 barrels. Still a quantity of 3780 barrels is in floating condition. For the minimum regret, the part of spill reached Gujarat coast split into two parts and spread over two regions. One part extended along a distance of 22.72 km from Bhogat to Lamba of Gujarat (from 21°42' 22" N 69°28' 45" E to 21°21' 43" N 69°50' 10" E) and the other part spread over the beaches of Porbandar for a distance of 51.78 km (from 21°42' 22" N 69°28' 45" E to 21°21' 43" N 69°50' 10" E). Remaining spill has reached Maharashtra coast in 15 hours and extended for a distance of 57.26 km from Arnala coast to Mumbai coast (from 19°25' 03" N 72°44' 27" E to 18°54' 18" N 72°47' 44" E). For the best guess, spill widened along 31.88 km from Porbandar to Ratia of Gujarat (from 21°37' 58" N 69°33' 25" E to 21°25' 33" N 69°46' 12" E). From Fig. 3(b) after six more hours, the spill has moved further north along Gujarat coast and Maharashtra coast. For the minimum regret, in Gujarat major portion of spill extended over Porbandar coast for 57.92 km (from 21°42' 32" N 69°28' 45" E to 21°21' 53" N 69°49' 57" E); one part of spill spread for 20.13 km from Bhogat to Lamba coasts (from 22°00' 49" N 69°09' 50" E to 21°52' 46" N 69°17' 41" E) and remaining part extended from Madhavpur to Mangrol shores along a distance of 14.72 km (from 21°12' 35" N 69°59' 22" E to 21°06' 47" N 70°05' 11" E). Remaining part of spill spread over Maharashtra coast from Kelwa (19°36' 06" N 72°42' 52" E) to Navgaon (18°44' 49" N 72°50' 27" E) shores along a distance of 95.94 km. For the best guess, the part of spill spread from Porbandar to Ratia coasts (from 21°37' 58" N 69°33' 25" E to 21°25' 33" N 69°46' 12" E) and the remaining part reached Maharashtra coast at the end of 22 hours after the release of spill and then spread from Mumbai (18°59' 15" N 72°48' 30" E) to Kashid (18°28' 02" N 72°53' 20" E) shores along a distance of 32.17 km and 57.98 km respectively. 5640 barrels got beached by the action of waves, winds and currents. Around 2050 barrels became evaporated and dispersed. A quantity of 2310 barrels is still floating. Figs. 4(a) and 4(b) Oil spill trajectory for 30 hrs and 36 hrs respectively predicted by GNOME From Fig. 4(a) during the further next six hours, spill has moved in south east direction along Maharashtra coast. For the minimum regret, major portion of spill in Gujarat coast has concentrated in Porbandar region for 55.27 km (from 21°42' 32" N 69°28' 43" E to 21°21' 04" N 69°50' 59" E); one part extended over a distance of 33.09 km along the coasts of Bhogat and Lamba (from 22°06' 13" N 69°04' 39" E to 21°52' 51" N 69°17' 25" E) and the third part spread from Madhavpur to Mangrol for 19.98 km (from 21°12' 42" N 69°59' 20" E to 21°05' 05" N 70°07' 11" E). The spill in Maharashtra region spread from Shirgaon to Mahua Bagh coasts for 128.49 km (from 19°36' 53" N 72°42' 00" E to 18°27' 23" N 72°53' 29" E) and from Guhagar to Ambalgod coasts (from 17°31' 49" N 73°08' 14" E to16°38' 19" N 73°19' 18" E) for a distance of 102.11 km. For the best guess, the part of the spill spread along the coasts from Porbandar to Odadar of Gujarat for a distance of 11.65 km (from 21°37' 58" N 69°33' 24" E to 21°33' 18" N 69°37' 56" E) and also some spreads happened at Ratia coast (from 21°26' 49" N 69°44' 53" E to 21°25' 28" N 69°46' 21" E) and Mangrol coast (from 21°08' 49" N 70°03' 10" E to 21°07' 14" N 70°04' 47" E) along the distances of 3.55 km and 4.05 km respectively. Also a stretch of 10.23 km along Mumbai coast (from 18°59' 16" N 72°48' 12" E to 18°53' 45" N 72°48' 32" E) and Kashid coast (18°28' 02" N 72°54' 02" E) of Maharashtra got affected. The quantities of spill are 1510 barrels in floating condition, 6120 barrels in beached condition and 2370 barrels in evaporated and dispersed condition. From Fig. 4(b) by the end of 36 hours, for the minimum regret part of the spill extended from Bhogat to Lamba coasts of Gujarat (from 22°06' 31" N 69°04' 20" E to 21°52' 51" N 69°17' 42" E) along a distance of 34.19 km; second part of the spill extended from Porbandar to Chorwad coasts of Gujarat (from 21°42' 49" N 69°28' 08" E to 20°58' 47" N 70°14' 07" E) along a distance of 113.84 km and remaining part of the spill extended from Arnala to Ambolgad coasts of Maharashtra (from 19°25' 03" N 72°42' 47" E to16°38' 31" N 73°18' 59" E) along a distance of 337.86 km. For the best guess, the major part of the spill spread along the coasts from Porbandar to Ratia of Gujarat for a distance of 32.94 km (from 21°38' 12" N 69°33' 19" E to 21°25' 15" N 69°46' 24" E) and also some spreads happened at Mangrol coast (from 21°09' 07" N 70°03' 12" E to 21°05' 40" N 70°06' 26" E) along the distances of 8.51 km. A stretch of 10.26 km along Mumbai coast (from 18°59' 06" N 72°48' 38" E to 18°53' 36" N 72°47' 59" E) got affected. 6790 barrels got beached by the action of waves, winds and currents. Around 2670 barrels became evaporated and dispersed. A quantity of 540 barrels is still floating. Figs. 5(a) and 5(b) Oil spill trajectory for 42 hrs and 48 hrs respectively predicted by GNOME From Fig. 5(a) by the end of 42 hours, the amount of beached spill is 6180 barrels and that of evaporated and dispersed spill is 2960 barrels. Still a quantity of 860 barrels is in floating condition. For the minimum regret, the part of spill extended along Gujarat coast along a distance of 31.52 km from Bhogat to Lamba of Gujarat (from 22°06' 13" N 69°04' 27" E to 21°53' 27" N 69°16' 12" E); the other part spread over the beaches of Porbandar and Veraval for a distance of 145.84 km (from 21°4 2' 31" N 69°28' 36" E to 20°49' 04" N 70°30' 37" E) and the major part spread along Maharashtra coast from Kelwa (19°36' 08" N 72°42' 53" E) to Mithbav (16°15' 42" N 73°24' 27" E) for a distance of 378.63 km. For the best guess, spill widened along 31.95 km from Porbandar to Ratia of Gujarat (from 21°38' 03" N 69°32' 59" E to 21°25' 24" N 69°45' 36" E) and also the spill spread over Mangrol beach (from 21°09' 07" N 70°02' 44" E to 21°05' 12" N 70°06' 56" E) and Mumbai beach (from 18°59' 32" N 72°48' 15" E to 18°53' 25" N 72°47' 56" E) for distances of 10.27 km and 11.35 km respectively.
From Fig. 5(b) by the end of 48 hours, the major portion of spill has beached with a quantity of 5930 barrels. Almost 3200 barrels got evaporated and dispersed. Remaining 870 barrels of spill is floating. For the minimum regret, major portion of spill spread on Maharashtra shores over a distance of 379.08 km from Kelwa shore (19°36' 23" N 72°42' 59" E) to Mithbav shore (16°15' 30" N 73°23' 56" E) and the remaining part did spread on Gujarat shores over a distance of 146.31 km from Porbandar shore (21°42' 49" N 69°28' 33" E) to Veraval shore (20°49' 04" N 70°30' 39" E) and over a distance of 31.43 km from Bhogat shore (22°05' 54" N 69°04' 42" E) to Lamba shore (21°53' 27" N 69°17' 07" E). For the best guess, the major part of spill extended over a region between Porbandar (21°38' 03" N 69°32' 59" E) and Mangrol (21°04' 54" N 70°07' 14" E) shores along a stretch of 83.89 km and the remaining part of spill spread along the distance of 10.19 km on Mumbai coast (from 18°59' 00" N 72°48' 32" E to 18°53' 30" N 72°48' 12" E) of Maharashtra. 
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CONCLUSIONS
Based on the results obtained and discussion carried out in the study, following conclusions are drawn:
• Surface currents play an important role in shaping the trajectory of the spill. The action of currents caused the spill to move in the south west direction in the first 6 hours.
•
The spill broke into two parts. One reached Gujarat coast in 10 hours after the occurrence of spill at Porbandar shore (over 47.9 km) and the second part of the spill reached Maharashtra coast in 15 hours and extended for a distance of 57.26 km from Arnala coast to Mumbai coast, as per minimum regret estimates. • As per best guess estimates, part of the spill reached Gujarat coast in 11 hours and then spread along the coasts from Porbandar to Odadar of Gujarat for a distance of 13.42 km and the remaining part did reach Maharashtra coast at the end of 22 hours after the time point of release of spill and then spread from Mumbai to Kashid shores along a distance of 32.17 km and 57.98 km respectively. • By the end of 48 hours, the major portion of spill has beached and the quantity is 5930 barrels. A significant amount of spilled oil of 3200 barrels got evaporated and dispersed. A small quantity of 870 barrels of spill is still in floating condition.
• Knowing these details from GNOME appropriate mitigation measures may be adopted before the spill reaches the shore.
